Treatment of waste glycerol, a by-product of the biodiesel production process, can reduce water pollution and bring significant economic benefits for biodiesel facilities. In the present study, hydrochloric acid (HCl) was used as acidification to convert soaps into salts and free fatty acids which were recovered after treatment. The pH value, dosages of polyaluminum chloride (PACl) and dosage of polyacrylamide (PAM) were considered to be the factors that can influence coagulation efficiency.
INTRODUCTION
Waste glycerol is the primary biodiesel production process by-product from transesterification, which contains about 50% glycerol and other impurities, including 12-16% soaps and 15-18% fatty acids. Waste glycerol can cause water pollution and environmental problems, as it cannot be disposed of in the environment (Yazdani & Gonzalez ) . In order to reduce the costs involved in disposal of raw waste glycerol and create economic benefits for biodiesel factories, it has been suggested that raw waste glycerol be treated for reducing water pollution and reusing the organic matters, such as glycerol.
Coagulation is a frequently applied process in the destabilizing and aggregating colloids of industrial wastewater. There are a number of different mechanisms involved in a coagulation process, including ionic layer compression, adsorption and charge neutralization, inter-particle bridging, and sweep coagulation (Menezes et al. ) . These mechanisms are very important in forming flocs of oily sludge and suspended solids which can easily float and be removed. Numerous researchers have reported the treatment of oily mill effluents, which are similar to waste glycerol, containing high concentrations of organic impurities, using coagulation, filtration and a settling procedure (Ahmad et al. ) . Among the available coagulants, PACl is one of the most inorganic salts extensively used for sludge conditioning and dewatering coagulation processes (Ahmad et al. ) . PACl is more effective at low temperatures, has a broader pH range and forms positive charged aluminum species that adsorb onto negatively charged natural particles, such as alkalis and soaps in waste glycerol, resulting in charge neutralization. Destabilizing charge neutralization and destroying emulsions via addition of PACl has been shown effective as a coagulant to pretreat oily wastewater (Eilbeck & Mattock ) .
In order to enhance coagulation processes, the organic polymers were normally used as coagulant aids. These high-molecular-weight polymers are synthetic compounds that tend to absorb the particles on the surface and form bigger and compact flocs (Letterman & Pero ) . The sludge produced is low in moisture content with good dewater ability. Floc strength is quite high and can be ascribed to the strong bonds of polymer chains due to bridging (Li et al. ) . PAM is one of the organic polymers, which has a variety of applications, such as water treatment and oil recovery. In addition, PAM can flocculate highmolecular-weight organic matter, however it is not easy to flocculate low-molecular-weight organic matter, such as glycerol and ethanol (Wang et al. ) . The coagulation process with PACl and PAM as a treatment of oily mill effluents has been researched. This situation is because they are effective, cheap, easy to handle and very available (Edzwald ) . However, there have been few reports regarding the treatment of waste glycerol by using PACl and PAM.
Additionally, raw waste glycerol is the water-in-oil aqueous emulsion with high pH value. This waste is not always suitable for the coagulation processes because it needs more coagulants added with a low efficiency (Kemmer ) . To avoid this phenomenon, the raw waste glycerol was pretreated through acidification.
In this research study, waste glycerol samples were taken to a coagulation process after acidification process. Efficiency of acidification pretreatment and coagulation process using PACl and cationic PAM to treat raw waste glycerol was investigated.
MATERIALS AND METHODS

Materials
Raw waste glycerol samples were obtained from the waste glycerol tank in the Specialized R & D Center for Alternative Energy from Palm Oil and Oil Crop, Hatyai, Thailand. This facility uses alkali-catalyzed transesterification to produce biodiesel from waste cooking oil and palm oil. The concentrations of parameters, such as COD, BOD 5 , TSS and oil and grease, were analyzed by following the standard method (APHA, AWWA and WEF ). Other parameters were analyzed with different methods: soaps (AOCS ), total glycerol (ASTM D7637 ) and methanol (ASTM D7059 ).
Approach for the study
Step 1: Acidification process 1. To find the appropriate pH value for acidification: The pH value was adjusted with 0.8 M of HCl and 6 M NaOH (AR from MARCK Company) and the effect of acidification on raw waste glycerol in the range pH 3-9 was studied to identify the appropriate pH value for acidification process in order to separate soaps and oil. 2. Parameters analysis: An appropriate pH range for acidification was selected which provided the concentration of COD, BOD 5 , TSS and soaps. Mass fraction of fatty acid and methyl ester were analyzed with gas chromatography (EN ). 3. The treated waste glycerol with appropriate pH from step
(2) was taken to coagulation process.
Step 2: PACl coagulation process 1. The optimum pH for coagulation: Samples were taken to this process after acidification to study coagulation process with PACl in the range pH 3-9 to identify the optimum pH condition. Waste glycerol and PACl solution were mixed with a jar test apparatus at 100 rpm for 1 min, and then reduced to 20 rpm for 20 min (Ustun et al. ). 2. Determination of the optimum PACl dosage: The optimum pH value from step (1) was selected that provided the best results at the selected PACl concentration. Coagulation process was studied at the optimum pH value over 1-6 g/L PACl dosage. 3. Based on the results from steps (1)-(2), the optimum pH and PACl dosage concentration for this process step was selected.
Step 3: Coagulation process using PACl in combination with PAM Determination of optimum PAM dose: At the selected pH value, waste glycerol samples were rapidly mixed at 100 rpm for 1 min when the optimum dose of PACl was added, 0.005-0.07 g/L PAMs were added. Then, the stirring rate was slowed down to 30 rpm for 5 min (Ustun et al. ) . The most favorable PAM dosing ratio for coagulation process was selected.
RESULTS AND DISCUSSION
Characteristics of raw waste glycerol
Waste glycerol has a high pH value (>9.7) and consists of high concentrations of oil and grease and other organic matter. For example, oil and grease was around 3.77-5.35 g/L, glycerol was 413-477 g/L and has high content of soaps. The other values of organic compounds, including 1,700-1,900 g/L of COD, 900-1,200 g/L of BOD 5 and high concentrations of TSS (see detail in Table 1 ). The ratio of BOD 5 : COD had a value of 0.53, which was a rather low value for the biological treatment process (Kobayashi et al. ; von Sperling & Oliveira ). However, the high pH value and impurities involved above could cause problems for biological treatment or coagulation processes and utilization of raw waste glycerol. In addition, waste glycerol contains 9.3-11.9% of water and has a low fuel value.
It can be noted that raw waste glycerol from the biodiesel process is impure and of low economic value. The pH value and soaps need to be reduced and removed before the coagulation process.
Effect of acidification
The effect of pH on COD, BOD 5 and TSS removal
When the pH values of waste glycerol were in a range of 3 to 7, the soaps were converted into free fatty acids and salts, and the waste glycerol separated into two layers. The lower layer solution was mainly water, glycerol and methanol, and the upper layer solution was mainly free fatty acids and methyl ester, as their densities were different from water. Samples were taken from the lower layer solution to measure COD, BOD 5 , and TSS.
The concentrations of residual COD, BOD 5 , and TSS are shown in Figure 1(a) . The COD and BOD 5 of waste glycerol decreased with the reduction of pH from 9 to 5. The TSS jumped suddenly at pH 8 because when the pH value was 8, a water-in-oil emulsion with a positive charge absorbed the soaps and solid particles with a negative charge at the oil/water interface (Kemmer ; Gi et al. ) . The result is the increasing in concentration of TSS. As the pH value was reduced, the neutralization charge and emulsion were broken, and then TSS slowly reduced from pH7 to pH5. When the pH values were between 3 and 5, the values of COD and BOD 5 decreased slightly, while TSS remained stable.
The effect of pH on soap removal
Samples were taken from both layers of solution to measure the concentration of soaps. When the pH values were between 5 and 3, the upper layer solutions were used to measure the concentration of free fatty acids, methyl ester, and impurities. The concentrations of soaps in two layers and total solution are shown in Figure 1(b) . When the pH value was reduced, the concentration of soaps also decreased. This indicates that the soluble soaps were converted into salts and insoluble free fatty acids. In addition, most of the soaps were in the upper layer as shown in Figure 1(b) . This shows that most of the soaps with a negative charge were absorbed by water-in-oil emulsion.
When pH values ranged from 5 to 3, the total mass fractions between fatty acids and methyl ester were 78.8, 85.9, and 89.8%, respectively. The upper layer solution can be recovered and reused as a raw material in biodiesel production processes (Chongkhong et al. ) .
It can be said that as an acidification pretreatment, the pH values should be adjusted to 5, and the upper layer solution should be recovered from waste glycerol. Acidification process reduces the COD, BOD 5 , TSS and soaps in raw waste glycerol effectively.
Determination of optimum coagulation conditions
Effect of pH on coagulation
The results of total removal efficiencies in different pH values are shown in Figure 2 . It indicates that when the pH value of waste glycerol after acidification was 4, the total removal efficiency was highest. When the pH value of waste glycerol is 4, the soaps that have a negative charge in the lower layer solution have a neutralized charge with PACl. Therefore, binding particles and organic matters become agglomerate (Kemmer ) . The removal efficiencies of COD, BOD 5 , TSS, and glycerol were 78, 66, 97, and 31%, respectively. Thus, the pH values of 4 for waste glycerol were carried over to the next experiment with different PACl concentrations.
Effect of PACl concentration on coagulation
Removal efficiencies of parameters for different PACl concentrations were shown in Figure 3 . When PACl concentration was 2 g/L at pH4, the removal efficiencies of COD, TSS, and soaps were highest. They were 82, 97, and 100%, respectively. Moreover, at this condition the concentration of glycerol after treatment was approximately 224 g/L.
It can be concluded that the optimum conditions of PACl for this study are as follows: (1) the optimum pH value of waste glycerol for the coagulation process is 4; (2) the optimum PACl concentration is 2 g/L. However, the flocs are still small and easily broken. It needs coagulant aids to flocculate floc particles in a net.
Effect of the addition of PAM as a coagulant aid
The results of the parameter efficiencies are shown in Figure 4 . When the concentration of PAM was 0.01 g/L, the removal efficiencies of COD, BOD 5 , and TSS were highest at 80.2, 67.9, and 96.6%, respectively. The concentration of glycerol had a maximum value of about 288 g/L at this condition. As the concentration of PAM increased, the removal efficiencies of parameters remained stable. In order to save the chemicals, the concentration of PAM chosen as the optimum concentration when adding it to PACl was 0.01 g/L. Comparisons of parameter removal efficiencies of the PACl and PAM in conjunction with PACl in optimum conditions showed that the PAM enhanced the PACl coagulation process.
The characteristics of waste glycerol after treatment with the PACl and PAM at optimum conditions compared with raw waste glycerol were shown in Table 1 . The COD, BOD 5 and TSS are above the oil terminal and industrial effluent standards of Thailand (PCD ). Thus, the treated waste glycerol cannot be discharged outside in the environment. However, the glycerol can be recovered more easily from treated waste glycerol compared with raw waste glycerol by certain methods (Gerpen ) . When organic matters existing in waste glycerol are coagulated with PACl and PAM, the sample obtained consists of glycerol (∼280 g/L) and methanol (∼3.8 g/L).
The oil and grease and soaps, which were toxic matters for the microorganisms, were removed in the coagulation process (Lopez et al. ) . Moreover, the ratio of BOD 5 : COD increased to 0.87, which was higher than the ratio for raw waste glycerol (0.53). This implies that the coagulation process with PACl and PAM can improve the biodegradability of waste glycerol. The treated waste glycerol can probably be used as a carbon source or compost for biological treatment process.
CONCLUSIONS
The following conclusions can be made based on the operation of the laboratory scale model of coagulation treatment for waste glycerol:
1. Acidification process as a pretreatment to coagulation process was used to adjust the pH value and remove soaps and oil in raw waste glycerol. 2. In acidification process, when the pH value was adjusted below 5, fatty acids and methyl ester can be recovered from waste glycerol. 3. After acidification and coagulation process at optimum conditions, removal efficiencies of COD, BOD 5 , TSS, and organic compounds were significant, and environmental pollution of treated waste glycerol was much smaller than raw waste glycerol. 4. Acidification and coagulation process can serve as a pretreatment of waste glycerol before the next treatment, as the organic pollutions still remained above the oil terminal and industrial effluent standard in Thailand. 5. The treated waste glycerol from coagulation process contained a certain amount of glycerol (∼288 g/L). This remaining glycerol can be recovered and reused in the future. 6. The ratio of BOD 5 : COD of treated waste glycerol was 0.87. At this ratio the treated waste glycerol can be treated by biological degradation. 7. The treated waste glycerol, which contained a certain amount of glycerol and methanol, can probably be used as a carbon source or compost.
The methods of waste glycerol treatment through acidification and coagulation process can be applied to the type of biodiesel plants which use alkali-catalyzed transesterification to produce biodiesel from waste oil and palm oil, as they are simple and can reduce water pollution effectively. Additionally, the free fatty acids, methyl ester and glycerol can be recovered by using these methods, which can be purified and sold, and bring economic benefits for biodiesel facilities in future. 
